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Abstract 
The spectacular development of frequency selective 
surfaces (FSS) as a spatial filter, absorbers and reflectors 
made them feasible for the aerospace and defence 
applications. The intervention of substrate integrated 
waveguide (SIW) technology into FSS results in the 
improvement of unit cell structures and better performance 
by isolating them from inter-element interference. Such FSS 
structures with SIW cavities upholds the FSS properties and 
improves their selectivity and performance. Considering the 
diversity in applications of introducing SIW cavity 
technology into FSS, the aim of this paper is to furnish a 
study on the glimpse of EM design techniques to analyze 
this type of structures. Design topologies of narrowing 
bandwidth, dual resonance, the design of FSS with sharp 
sideband edges and frequency selective polarization rotating 
structures are presented. Further, a novel design for 
improving the bandwidth of reflective FSS is discussed 
based on SIW technology. Fabrication techniques pertaining 
to this type of structures are presented in brief. 
Keywords: Dual band FSS, equivalent circuit, frequency selective 
surfaces, substrate integrated waveguide, loaded FSS, lumped 
element, microwave propagation, quarter mode SIW, polarization 
rotator. 
1. Introduction 
Frequency selective surfaces (FSS) are periodic structures 
either in 2D or 3D, popularly used in the spatial filtering of 
electromagnetic (EM) waves. A numerous FSS elements 
such as loops, centre connected, and the combination of both 
have been proposed for facilitating the required pass-band 
and stop-band characteristics [1-8]. These structures possess 
their potential applications in the area of aerospace, sub-
reflectors of the antenna, WLAN, wireless security in a 
communication system, RCS reduction, radar, radar 
absorbers and radome design etc. [9-14].  
A conventional reflect/transit FSS arrays may be placed 
in/on the building walls to avoid the interference and signal 
leakage with nearest localities. An undesirable behaviour 
may occur when conventional FSS elements used as a band-
pass filter in building walls, it may accept some higher order 
resonant frequencies [15], [16]. Furthermore, a unit cell size 
of FSS at low frequency is higher, leads to instability and 
degrades the performance when the size of wall is smaller 
than the wavelength. It is expected to provide a stable 
resonance at different impinging of EM waves with wall 
structure, but that is not obtained using conventional FSS. 
To address this problem a loaded lumped elements in FSS is 
proposed [17], [18]. By this approach, a miniaturized 
dimension smaller than a wavelength can be obtained for a 
single unit cell. All these techniques are based on an 
assumption of no interference among the unit cells of FSS 
array. But, in reality, the behaviour of conventional FSS 
array is not matching with predicted performance [19]. A 
wide variety of designs and strategies were addressed in 
open literature for improving the performance characteristics 
of conventional FSSs. Active FSSs, fractal FSSs, 
metamaterial inspired FSSs, FSS based on SIW technology 
are few techniques used in literature.  
The Faraday cage structure is well-known design, it has the 
advantage of providing good isolation in electromagnetic 
energy for different components designed on same substrate 
material [20], [21]. It consists a chain of grounded metallic 
cylinders with a defined diameter (vias) placed at 
equidistance, encircling sensitive and noisy components in a 
chip. The via technology features high aspect ratio, through 
substrate holes filled with copper (Cu) by electrolysis 
process [22]. A similar Faraday cage has been used to design 
a loaded FSSs using SIW technology with help of FDTD 
method [23]. The SIW cavity FSS technique first applied to 
design a band-pass filter [24]. As of late, a lot of work has 
published on SIW technology into FSS design [25]-[27]. An 
elaborated study has been done on controlling the bandwidth 
of FSS using SIW technology [28], [29].  
FSS with sharp transition sidebands at lower and higher 
frequencies can be achieved by slightly adjusting the 
coupling magnitude between two resonances. This 
performance, therefore, to get an FSS with two different 
SIW cavities cascading and shunting [30], [31]. The SIW 
structure upholds the advantages of conventional rectangular 
waveguides, such as high-quality factor, selectivity, 
directivity, cut-off frequency characteristics and high power 
handling etc. [32]-[34]. The well-developed form of 
polarization rotating surfaces with added advantages of SIW 
have been reported in the open literature [39]-[41]. Based on 
the orientation of outgoing wave, the polarization rotators  
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can be classified as a reflection type and transmitting type. 
The detailed design methodology of polarization rotator is 
explained in further sections. Many design structures of FSS 
elements based on SIW reported in the literature are dealing 
only with slot elements. The SIW technology for patch type 
FSS elements is not reported so far. In this paper, an attempt 
has been made to develop patch type FSS based on SIW 
technology. 
The description of FSS elements is briefed in section 2. 
Whereas the main topic of interest, design methods and 
topologies of FSSs using SIW technology is explained in 
section 3. In section 4, few designed models of this kind of 
structures are presented. The fabrication techniques 
pertaining to this structures are explicated in section 5. 
Finally, the topic is concluded in section 6. 
2. Design of FSS Elements 
The conventional FSS is placed along its axis, supported by 
the dielectric a 2-D or 3-D planar periodic array of the patch 
(reflective) or slot (transitive) elements substrate. A typical 
square arrangements (α=90o) is shown in figure 1. The 
performance of an FSS is often attributed entirely to the 
elements [1], [4]. 
 
Many techniques and structural topologies have been 
proposed to design FSS elements. The unusual behaviour of 
FSS elements due to larger dimensions at higher frequencies 
is mentioned in the previous section. To overcome this 
limitation, FSS using SIW cavity is adopted. The EM design 
techniques of this kind of structures are described in further 
sections. 
3. EM Design Techniques and Analysis of FSS 
using SIW 
Many methods have been adopted to analyze the scattering 
characteristics of FSS such as equivalent circuit model 
(ECM) [2, 5, 7], method of moments (MoM) [41, 42], 
FDTD and spectral domain techniques [24]. These 
techniques are efficient in their own way to solve the planar 
infinite periodic surfaces. The glimpse of these methods is 
discussed in this section. 
 
 
 
 
(a)                                             (b) 
 
Figure 3.  Arrangement of basic FSS elements: (a). Front 
view, (b) Back view 
 
 
 
 
 
Figure 1.  Arrangement of basic FSS elements.  
Figure 2.  Yee cell model of an element with 3-D nonuniform 
meshes. 
 
 
Figure 4. S-parameters loaded FSS with SIW. Solid line 
show computed result at dept. of ECE, NITT. Bubbles show 
reported results from figure 2 [23]. 
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3.1. FDTD Method  
The finite difference time domain (FDTD) is partial 
differential equation based method. It is formulated by 
discretizing Maxwell’s curl equations and approximating the 
derivatives to the difference equations. The Yee FDTD 
algorithm can be applied on a distributed grid is as shown in 
figure 2. It is well suited for modelling perfect electric 
conductor (PEC) boundary conditions. E- and H- field 
components are aligned at centre in three-dimensional space. 
As a result every E- field component is surrounded by four 
H-field components and every H- field component 
surrounded by four E- field components [35], [36]. This 
method instantly approximates the differential operators in 
the Maxwell curl equations, on a grid staggered in time and 
space. E- and H-fields are computed on a regular grid with 
field components being offset by ∆s/2 relative to each other 
and E- and H-fields evaluated ∆t/2 apart in time, here ∆s and 
∆t are the spatial and temporal discretization values 
respectively. This permits a scheme which uses first-order 
numerical differentiation to provide second order accuracy. 
It is also the only widely used computational 
electromagnetic technique to be operated in the time 
domain.  
A topology of FSS having two neighbouring loaded 
capacitive ring slot resonators, each neighbouring unit 
determines a passband is shown in figure 3. The undesirable 
coupling between FSS elements is suppressed by Faraday 
cage structure created by a row of metallic vias connecting 
both top and bottom PEC planes as discussed earlier. As a 
result, independent design of passbands is possible. The 
necessary conditions to create a Faraday cage for better 
isolation performance are and . The 
described loaded FSS topology is validated and compared in 
figure 4 with the reported results.  
The computation can also solve the lumped elements (RLC) 
by inserting into the FDTD lattice, thus Maxwell’s curl 
equation for H-field becomes [36]. 
 
            (1) 
The problem domain is truncated by using Mur’s absorbing 
boundary conditions (ABC). The detailed formulation of 
fields and absorbing boundary representations are 
represented in [24]. The equations further used to compute 
the electric field density D, the transformed field equations 
for D components do not change [16]. This method is well 
suitable for simple and planar periodic FSS incorporated 
SIW structures [23]. The influences of various parameters 
on the frequency response of FSS based on SIW cavity can 
be estimated. The FDTD method is easy and simple for 
modelling the structure with loaded lumped elements. The 
method is formulated by discretizing Maxwells’s curl 
equations, finally approximating the derivatives with 
difference equations.  
3.2. FDTD Combined with Domain Decomposition 
Method  
The computational complexity is drastically increased for 
multilayer structures by using FDTD method. Hence, the 
finite difference frequency domain (FDFD) combined with 
domain decomposition method (DDM) been used to solve 
the large-scale computation of cascading cavity FSS and to 
reduce the CPU computational time [25]. In this method, 
whole problem domain is decomposed into  non-
overlapping subdomains, where l is a number of SIW 
cavities. From figure 5, let Ωq is one of these subdomains, 𝛤p,q= Ωq ∩ Ωp denotes interface between Ωq, Ωp. Total 
problem domain thus split into m small problem and field 
equations at virtual interface 𝛤p,q can be calculated by 
applying virtual boundary condition (VBC). Through the 
VBC, each sub domain can exchange information with 
neighboring subdomain. The DDM combined with FDFD 
can be useful to compute the transmission characteristics of 
cascaded SIW cavity FSS. The memory required for 
computation thus reduced from N to N/m, where N is the 
total unknowns of the structure [25].  
3.3. Equivalent Circuit Model 
The EC model is simple design technique to analyze any 
microwave circuit. This model will not consider all EM 
effects and losses associated with the structure. But, it can 
give a knowledge of parametric effect on the response of a 
structure with an initial approximation. The FSS using SIW 
structure can be modelled with a lumped element circuit, 
which can consist of two coupled parallel resonators. The 
equivalent circuit representation is shown in figure 6. In 
cascading SIW cavity FSS, the preliminary work is to find 
out the dimension of coupling slots between SIW cavities 
when single SIW cavity FSS dimensions are known to 
design. The lumped elements in the circuit can be estimated 
by applying dual-mode filter and coupling matrix theory The 
circuit optimization thus applied to determine optimal 
coupling parameter in FSS with two or more cascaded SIW  
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Figure 5.  Electric and magnetic field nodes at virtual 
boundary. 
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cavities. With the given lumped element parameters and 
geometrical parameters of SIW cavity FSS, the frequency 
responses of an FSS with an arbitrary number of cascading 
SIW cavities can be calculated. It is also possible to study 
the frequency responses of the structure w.r.to different 
angles of incidence and polarization [25]. 
3.4. MoM/Bi-RME Method  
Method of moment (MoM) boundary integrated-resonant 
mode expansion (BI-RME) method was originally 
developed to model an inductive and capacitive FSS [41], 
[42], afterwards applied to the modelling of boxed 
microstrip circuits and electromagnetic band gap (EBG) 
structures [43]. This method is much faster than commercial 
EM simulators. For reducing structural complexity and 
computational time, SIW cavity is modelled as a standard 
waveguide based on the basic waveguide equations of SIW. 
SIW cavity is the main element designed in this method, its 
resonant frequency for  mode is given in Equation (2) 
[41]: 
                                  (2) 
where  
                     and               (3a) 
these equations are valid for  
                               and                           (3b)                     
Here D represents the diameter of SIW vias, b is their 
distance, W and L correspond to the length and width of 
cavity respectively. 
However, many design techniques has been adopted to 
analyze the frequency and phase response of FSS elements. 
A mutual impedance method, modal matching method and 
EC methods are extensively used to analyze the performance 
of FSS [1, 44]. At first the FDTD, MoM and spectral 
domain techniques are applied to FSS by Kieburtz [45]. 
Point matching method has been discussed for analysis of 
FSS [46].  
4. FSS Structures Using SOW Topology  
The designed structures using above techniques are showing 
their potential applications in specific area s. A few designed 
structures are presented in this section proposed in the 
earlier literature for specific applications.  
4.1. Design of Double Square loop FSS-SIW Cavity  
The geometry of unit cell of the dual-band FSS with SIW 
cavity is shown in figure 7. A double square loop (DSL) 
FSSs are symmetrically etched on top and bottom PEC 
surfaces of substrate material. Conventional FSS is a single 
conducting screen with double slots perforated on top and 
bottom planes, each unit cell is thus isolated with SIW cage 
[27]. The proposed structure is validated by taking the 
mentioned parameters and a comparison has been made in 
figure 8, with computed results to the originally reported 
results.  
 
 
 
 
 
Figure 7. Dual band configuration of SIW–cavity using 
Double Square loop FSSs (design parameters are referred 
from [27]). 
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Figure 6. Equivalent circuits: (a) Single SIW cavity FSS J.  
(b) Cascading SIW cavity FSS. 
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Figure 8. Transmission coefficient of SIW–cavity using 
Double Square loop FSSs. Solid line show computed result at 
dept. of ECE, NITT. Bubbles show reported results from 
figure 2 in [27]. 
 
       
(a)                                          (b) 
 
Figure 9. Unit cell configuration of FSS: (a) Ring aperture 
FSS. (b). SIW cavity ring aperture FSS (design parameters 
are referred from [28]). 
 
 
Figure 10. Transmission coefficient of FSS and SIW cavity 
FSSs. Solid and dotted lines show computed results at dept. 
of ECE, NITT. Bubbles and cross show reported results from 
Figure 4.a in [28]. 
 
4.2. Reducing the Bandwidth of FSS using SIW 
A method of reducing the bandwidth of FSS for higher 
frequency selectivity is demonstrated with an experiment 
using SIW cavity technology [28]. The resonance in 
frequency happens only when the perimeter of the loop slot 
is a multiple of wavelength (λ) regardless the shape of FSS 
element [1], [4], [38]. The intervention of SIW into FSS 
element does nothing with the shape of ring element. Hence, 
the centre frequency remains unchanged. The design 
conventional FSS element and modified SIW cavity FSS is 
presented figure 9. The structural dimensions are referred to 
[28].  
SIW technology introduced into the design of FSS brings 
in the parallel inductance in the equivalent circuit. As a 
result, the equivalent inductance increases in the circuit. 
According to the following equations: 
                                                                            (4) 
                                                                        (5) 
where f0 is resonant frequency R, L, C, are resistance, 
inductance, and capacitance of the EC model respectively. 
From the Equation (4) and (5) it is clear that Q is directly 
proportional to inductance (L). Hence, bandwidth is 
narrower, and the proposed new topology of FSS has a 
higher selectivity than conventional FSS element. The novel 
design of FSS [28] is validated and compared the results in 
figure 10. 
4.3. FSS using Quarter mode SIW 
An FSS based on quarter mode SIW (QMSIW) has been 
reported, to provide two controllable poles with in the pass-
band and a sharp roll off at one side of the pass-band. The 
structure is depicted in figure 11. In this topology, single 
mode SIW with FSS will exhibit polarization rotation 
characteristics. Stable frequency response in the passband 
can be achieved by this structure [39]-[40]. By repeating this 
structure along with it centre, QMSIW can be derived. To 
design a QMSIW with FSS, following conditions should 
satisfy 1. QMSIW cavity can be applied to the periodic 
topology, 2. Coupling structure should not have the 
polarization selectivity, and 3. The FSS element has more 
than two resonant modes to optimize the passband. The 
resonant frequency (fc) of the QMSIW cavity is given as 
[21]: 
                                                        (5a) 
The resonant frequency (fs) of the L-type slot is depended 
on length of slot, hence it should be long enough to make fs 
near to fc of the fundamental mode in QMSIW cavity, and be 
approximately equal to half wavelength. The fs is expressed 
as: 
                                                    (5b) 
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Where sl1 and sl2 are the lengths of the L-type slot. 𝜺eff is the 
effective dielectric constant of the substrate material, which 
is equal to . 
4.4. Frequency Selective Polarization Rotator Based on 
SIW 
Polarization rotation of impinging EM wave on a planar 
surface is a profound application of FSS. An FSS element 
based on SIW technology shows a superior performance for 
polarization rotation structure [39]-[41]. Based on the 
direction of wave propagation, these surfaces are broadly 
classified as reflective and transitive polarization rotators.   
Transmission type structures contain a slotted coupled 
elements are etched on one side of the substrate and at the 
other end, elements are etched with 90o to facilitate rotation 
EM wave. The wave impinges on the top surfaces can pass 
through the slots and permutate in the SIW cavity. Finally, 
at another end, a rotated EM wave can found because of the 
twisted slots. The design example is shown in figure 12a. 
Whereas, the reflective type structure, one end is completely 
shorted with metal. The impinging wave passes through the 
slots and permutated in the SIW cavity. The wave reflected 
back through the slots offers a polarization rotation. An 
example structure for reflective type is shown in figure 12b.  
 
 
 
   
      
(a)                                                    (b) 
 
Figure 12. Unit cell topology of Polarization rotators. (a) 
Transmission type [40]. (b) Reflective type [39]. 
 
4.5. Design of FSS Based on SIW with Sharp side band 
Characteristics  
The spectacular applications of FSS as polarizers, space 
filters, etc., are mainly limited because of its poor selectivity 
and susceptibility to the change in polarization state and 
incidence angle. Many techniques such as multilayered 
configurations, stacked photonic bandgap structures have 
been discussed open literature. However, some applications 
needed high selectivity performance from FSS. The 
conventional multilayered FSS makes them bulky and 
unsuitable for practical use. In this regard, FSS realized with 
shunting and cascading SIW cavities have been reported for 
two sharp sideband response [31].  
a. Cascading: The cascaded structure of crossed dipoles 
with different sizes is shown in figure 13.a. The top and 
bottom layers identical shapes with different cavity 
couplings. Whereas the width of the middle layer a slightly 
higher than the front end. The period of all elements is same. 
The coupling of two different size cavities results in 
obtaining two passbands with sharp sidebands. The 
frequency response of the same structure is shown in figure 
13.c.  
b. Shunting: The fabrication of cascaded FSS with SIW 
cavities is quite a difficult process. Hence, the shunting of 
two structures is addressed with similar performance 
characteristics. The two structures with different cavities can 
shunt as shown in figure 13.b. The top and bottom shapes of 
the structure are identical. The design parameters of both 
structures are referred from [31].  
 
 
(a) 
 
 
(b) 
( ) 21+re
  
 
(a)                                                  (b) 
Figure 11. Multiband configuration of QMSIW–FSS. (a) 
Top layer. (b) Bottom layer. 
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(c) 
 
Figure 13.  FSS design for sharp side band response based 
on SIW. (a) Cascading, (b) Shunting, (c) frequency 
response. Dashed and Solid lines show computed results 
at dept. of ECE, NITT. Bubbles show the reported results 
from Figure 3 in [31]. 
 
 
4.6. Improving the Bandwidth of FSS using SIW   
Till date, FSS designs based on SIW are dealing with slot 
type elements only. SIW technology is not reported for 
patch type FSS elements. The patch FSS elements act as an 
EM reflectors which can found their enormous applications 
in the design reflector surfaces, antenna substrates including 
the design of radar absorbing structures (RAS), high-
impedance surfaces (HIS). However, the bandwidth of patch 
elements is a major limitation for many practical 
applications.  3-D FSS may offer wideband but the high 
thickness makes then not feasible for many practical 
applications. Also, the power handling capabilities of 
conventional elements are poor and lose their basic 
performance characteristics at high microwave power levels 
due to break down (chapter 10. [1]). To address the above-
mentioned limitations of conventional FSS, in this section, a 
novel form of SIW technology is applied to the patch FSSs. 
Figure 14 shows the design of proposed FSS element 
configuration from the conventional form (fig. 14a-c) and its 
frequency response (fig. 14d). The design parameters of the 
structure are: p = 14 mm, l = 6.35, w = 1 mm and thickness 
of the substrate is 1.57 mm.  A dielectric substrate material 
Rogers RT 5880 ( and ) has been 
used for the analysis. The ECM representation of 
conventional tripole FSS is shown in Figure 14b. Where L 
and C represents the equivalent inductance and capacitance 
respectively, which are expressed by equation 6 and 7: 
                                                      (6a) 
                                              (6b) 
In the expression, l is the length of tripole leg, and g is the 
gap beween two adjecent lelenets (≈ p-l). λ and θ  are the 
free space wavelength and incidence angle respectively.  
       
(a)                                             (b) 
 
 
(c) 
 
 
                                                             (d) 
 
Figure 14. Tripole FSS unit cell. (a) Conventional form, and its (b) 
equivalent circuit model, (b) Proposed form. (c) Comparison of frequency 
response. 
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                                        .                       (7d) 
Then, the total impedance offered by the equivalent circuit is 
expresses in equation 8. 
                                                                      (8) 
The transmission coefficient expressed as: 
                                                                      (9)                                     
Figure 14b shows the comparison of simulated results of 
ECM and CST MWS for conventional form. The results 
show the agreement between both methods. Further, the 
proposed structure has been simulated using simulation tool.   
Next, the metallic vias have been created on the patch 
element. The design results in virtually thick FSS screen and 
offers an improvement in its bandwidth. From the frequency 
response comparison shown in figure 14d, it is observed that 
the reflection bandwidth (-10 dB) of the structure is 
improved from 0.92 GHz to 1.4 GHz. Moreover, the design 
can offer many advantages over conventional form. Because 
of the two screens printed on either side of substrate and 
metallic via results in better EM field distribution across the 
element. Hence, results in better performance at high power 
levels. In addition, it can overcome the limitations of 3-D 
FSS screens. The 3-D FSS elements can be designed using 
the proposed design with reduced weights. The simulation of 
the proposed element has been performed on the FDTD 
based commercial EM simulator CST microwave studio. 
The periodic boundaries have been applied along the x and y 
direction.  Whereas, Floquet mode excitation is applied on 
the z-direction as a source.  
 Figure 15 shows the experimental verification of 
fabricated prototype discussed above. The 10 × 10 array has 
been fabricates using conventional PCB with designed 
dimensions.  A single port method has been used to 
characterize the sample. A standard gain X- band (8.2 GHz -
12.4 GHz) horn antenna has been used as a testing antenna. 
The comparison shows the good agreement between 
simulated and measured results. Hence, prove the efficacy of 
estimated results.  
5. Fabrication Method  
The technological design aspects of SIW structures show 
their significance at millimetre-wave frequency range and at 
a very high-frequency range (> 40 GHz). Commercially 
printed circuit board (PCB) techniques have been widely 
adopted to fabricate SIW structures, due to its simple design 
process, less complexity and low cost. In this method, metal 
vias are created by either micro-drilling or laser etching. 
Finally, their metallization thus performed by electroplating 
(or by using copper paste) [47]. The advantage of PCB 
technique is, possible to realize an entire circuit including a 
transition, planar circuitry, waveguide components and 
devices in a single board [48]. As the frequency increases 
the LTCC technology can be used for SIW implementation. 
By using this technology multiple layers with tiny 
dimensions and extreme ultrathin SIW structures can be 
implemented [49]-[51]. 
6. Conclusions 
This paper has presented the glimpse of design techniques 
and applications of FSS based on SIW cavity technology: 
this includes recent advances in the field of spatial filtering, 
and FSS design using SIW cavity technology. Issues 
pertaining to the analysis, design, and modelling techniques 
are briefly explained. Further, few design examples of FSS 
elements based on SIW technology is presented for different 
applications. Also, a novel vias technique to uphold the FSS 
properties with increasing BW is discussed. The technique 
can be applied to all kind of patch FSS elements to create 
virtually thick screens. Fabrication methods pertaining to 
this kind of structures have been addressed.  
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